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ABSTRACT 
This  paper investigates in a r a t h e r  idealized way the different 
proper t ies  of fully cavitating and fully wetted hydrofoils in  o r d e r  to 
c lar i fy  the relat ive hydrodynamic m e r i t s  of each insofar  a s  this i s  
possible in the present  s tate  of the a r t .  The discussion i s  mainly 
based on a recent  theory, together with somc experimental  data, on 
the hydrodynamics of two-dimensional fully cavi tating hydrofoils. A 
number of quantitative comparisons between the fully cavitating and 
fully wetted two-dimensional foils have been made to bring out the 
different effects  of such design p a r a m e t e r s  a s  at tack angle, camber ,  
submergence and speed on the hydrofoil in  the two regimes .  In 
addition, some of the effects  which modify the two-dimensional com- 
parison a r e  surveyed and rougllly es t imated  wherever possible. The 
consequences of a i r  ventilation (which i s  closely re la ted  to fully 
cavita king flow) a r e  d iscussed,  especial ly a s  applied to the supporting 
s t ru t s ,  f r o m  the standpoint of whether o r  not it should be avoided. 
Final ly,  a f t e r  a few r e m a r k s  on some pract ical  a spec t s  of the problem, 
a rough comparison i s  made f rom the economy point of view to indi- 
cate by a n  example how a c r i t e r ion  might be chosen for  one o r  the 
o ther  type of operat ion,  F r o m  this and the preceding calculations 
i t  i s  conjectured that there i s  s trong r e a s o n  to believe that the fully 
eavita ting type of operation will  be advantageous in some c i rcumstances ,  
but it  i s  emphasized that m a r e  experience must  be accumulated for  
operation in both r e g i m e s  before any prac t ica l  c r i t e r i a  can be speci-  
l ied. 
I. INTRODUCTION 
The application of hydrofoils to surface water craft  has  been the 
subject of renewed in teres t  in recent  yea r s  because such foil-equipped 
boats may have a potential superiority over conventional types in the 
higher speed ranges. ' J  A hydrofoil boat might consist, for example. 
of a somewhat conventional hull underneath which the lifting hydrofoils 
a r e  attached by struts .  When such a boat moves a t  a sufficiently high 
speed, the hull i s  lifted c lear  of the water surface by the hydrodynamic 
lift  on the underwater foils, and the resistance is thereby considerably 
reduced. Consequently, after  it i s  foil-borne, a hydrofoil boat could 
travel  much fas ter  than a boat of conventional type with the same pro- 
pulsive power. While planing boats also have comparatively low r e -  
sistance a t  high speeds, the hydrofoil craft  appears  to have some dis- 
tinct advantages, such a s  a higher transport  ef f ic iencp and smoother 
running especially in choppy water.' Thus, the use of hydrofoils in 
many applications would undoubtedly r e  sult in important savings in 
power and time. 
Before the advantages of hydrofoil craf t  can be exploited to their 
fullest extent, however, i t  i s  f i r s t  necessary  that certain difficulties 
standing in  the way of further development be removed, In Ref. 1, a n  
expository investigation has been given which points out some of the ex- 
isting gaps in  fundamental knowledge about hydrofoil craft. Some of 
these problems which mus t  be solved i f  the benefits of hydrofoil opera-  
tion are to be realized a r e  worth mentioning here: for  instance, 
(1) the stability problem, especially in a seaway, (2)  the design of a 
satisfactory power plant and propulsion system, and (3)  the problem of 
hydrodynamic performance when cavitation occurs. The present  r e  - 
port is concerned only with this l a s t  problem. 
The importance of cavitation in hydrofoil operation can be seen a s  
follows. The advantages of such hydrofoil craft  become more  prominent 
a t  higher speeds (cf. Fig. 1 3  in Ref. l for this criterion), but the prob- 
l em of cavitation appears  when the speed is sufficiently high. F o r  a 
 ere the "transport  efficiency" i s  defined, following Ref. 1, to 
be the total load multiplied by speed and divided by driving power. 
given geomet r i ca l  profile of the hydrofoil ,  there  i s  a c r i t i c a l  speed  a t  
which the cavi ty wake s t a r t s  to f o r m .  F o r  speeds  higher  than this  c r i t i -  
c a l  value, the cavi ty i s  well-developed, a n d  thus i t  s e e m s  that operat ion 
under cavi tat ing conditions i s  a l m o s t  inevitable i n  the future p rac t i ca l  
appl icat ions of hydrofoils.  Th i s  problem becomes  even m o r e  impor tan t  
when the design specif icat ion c a l l s  for  long-duration c ru is ing  under  cavi-  
tating conditions. Thus  i t  s e e m s  c l e a r  that a bas ic  investigation of the 
hydrodynamic c h a r a c t e r i s t i c s  of fully cavitating hydrofoils cer ta in ly  de - 
s e r v e s  some  attention, 
It i s  the purpose of this  r e p o r t  to compare  in  a r a t h e r  ideal ized 
way the d i f fe ren t  p rope r t i e s  of fully cavitating and fully wetted hydrofoils.  
A r ecen t  theore t ica l  investigation, together  with s o m e  expe r imen ta l  data ,  3 
throws m o r e  light on the under  standing of the two -dimensional  hydrofoil  
p roblem when the cavity flow i s  fully developed, a n d  the r e s u l t s  obtained 
the re  wil l  be used  a s  a b a s i s  for  the p re sen t  discussion.  T h e  effects  of 
finite span  and the f r e e  sur face  a r e  a l s o  commented  upon and  some  e s t i -  
m a t e s  a r e  made  of the d r a g  of the support ing s t r u t s  and  appendages under 
cavitating operat ion.  F ina l ly ,  a few r e m a r k s  a r e  given on  some  p rac t i ca l  
a s p e c t s  of the hydrodynamical  problem. I t  i s  hoped that some of the e s -  
s en t i a l  d i f fe rences ,  advantages,  and  disadvantages of operat ing hydrofoils 
i n  the cavitating and  noncavitating r e g i m e s  will  thereby  be made  c l ea r .  
II. STATEMENT O F  THE PROBLEM 
In o r d e r  to provide background f o r  subsequent d i scuss ion ,  s o m e  
of the sa l ien t  f ac t s  about  cavi tat ion and a i r  ventilation wil l  be s u m m a r -  
ized  here.17 Cavitation i s  a dynamic p r o c e s s  involving the format ion  and  
col lapse of vapor-f i l led cavi t ies  ( o r  perhaps  cavi t ies  f i l led with a vapor-  
gas  mix tu re )  in  a flowing liquid. With a n o r m a l  liquid flowing ove r  a solid 
body, these cavi t ies  f o r m  in reg ions  where  the loca l  p r e s s u r e  d rops  to 
vapor  p r e s s u r e  and  would d r o p  below vapor  p r e s s u r e  if the cavity did not 
f o r m .  Converse ly ,  a cavi ty s t a r t s  to co l lapse  when the vapor cavity i s  
t r anspor t ed  o r  extended into a reg ion  where  the b c a l  p r e s s u r e  i s  above 
vapor  p r e s s u r e .  In  o the r  words ,  cavi tat ion i s  actual ly  the loca l  boiling of 
the liquid due to reduced  s t a t i c  p r e s s u r e .  Observa t ions  have shown that there  
a r e  s e v e r a l  different  types of cavitation. (1) In incipient cavitation, that is, 
in a n  e a r l y  stage of cavitation under development, a s e r i e s  of d i sc re te  
smal l  vapor bubbles a r e  formed. Most  of them travel  with the liquid, but 
some have the tendency to s t ick to the solid surface. These bubbles con- 
tinue to grow a s  long a s  the p r e s s u r e  i s  a t  o r  below the vapor p ressu re  
and s t a r t  to coll.apse a s  the p r e s s u r e  becomes g rea te r  than the vapor 
p r e s s u r e .  In this stage the ent i re  flow field i s  essential ly the s a m e  a s  
for  noncavitating flow. ( 2 )  In par t ia l  (or  limited) cavitation, which 
would resu l t  i f  the flow velocity were  gradually increased,  the vapor 
bubbles coalesce and f o r m  a m o r e  or l e s s  integral vapor cavity, covering 
only a pa r t  of the solid surface.  In this stage the single cavity r emains  
at tached to the solid surface  but, otherwise, has not grown to extend into 
the r e a r  of the body. The ent i re  flow field i s ,  therefore,  s t i l l  much the 
same a s  before. The s t r eaml ines  a r e  displaced slightly away f rom the 
body due to the existence of the thin bubble layer .  It  has  been observed 
that the bubble layer  l e s s e n s  the surface  friction by acting a s  a cushion 
between the solid surface  and the high velocity water  s t r eam.  ( 3 )  If the 
flow velocity i s  fu r the r  increased,  the integral  cavity grows l a r g e r  and 
extends well out into the flow; the higher the speed, the l a r g e r  the s ize  
of the cavity. Inside the cavity, the p r e s s u r e  of the vapor, o r  vapor-gas 
mixture,  i s  a lmos t  constant.  The flow outside the cavity differs  to a 
g rea t  extent f r o m  the noncavitating flow. Th i s  la t te r  stage i s  usual ly  r e -  
f e r r e d  to a s  the fully cavitating flow regime,  and i s  the one which will be 
given mos t  considerat ion in  the following discussion. 
An a i r  cavity can  a l s o  be initiated by permitting air to ventilate 
into a vapor cavity which has  a l ready formed.  F o r  example, i f  a vapor 
cavity has formed on a body running shallowly below the water  surface,  
the a i r  can  be introduced f r o m  the a tmosphere  to the cavity by some 
means,  for  instance, a pipe connecting these two regions. The effect of 
this  i s  to increase  the cavity p ressure ,  and hence to change the fo rces  
on the body and the s ize  of the cavity. If the a i r  flow i s  sufficient, i t  
will  equalize the p r e s s u r e  between the surface  and cavity so that the 
cavity p r e s s u r e  will  be atmospheric,  corresponding to the highest at tain-  
able value of the cavity p ressure .  In general,  the cavity p r e s s u r e  (of a 
gas-vapor mixture)  will  be intermediate between this upper l imi t  ( a t  mo  s- 
pheric)  and the vapor p ressu re .  
The genera l  cha rac te r  of the flow with f ~ d l  cavity i s  independent of 
the constituents of the cavity gas  but depends on the value of the cavita- 
tion number Q defined by 
where p i s  the p r e s s u r e  in  the cavity, Pm and U a r e  the fluid p r e s -  0- 
s u r e  and velocity a t  infinity, and p i s  the liquid density. Thus, the 
cavitation number  i s  simply the negative of the p ressure  coefficient a s  i t  
would usually be defined for  the cavity p ressure .  If the effect of gravity 
i s  appreciable,  the p r e s s u r e  p m a y  va ry  considerably f r o m  top to bottom 
a0 
of the cavity so that a given body does not have, in a s t r i c t  sense,  a fixed 
cavitation number. In pract ice,  however, th is  effect is quite smal l  since 
in  m o s t  c a s e s  to be considered the Froude number, a s  defined by 
Z Fr = U /g.& where C i s  the ver t ica l  cha rac te r i s t i c  dimension of the body, 
i s  ve ry  l a rge  and the gravity effect i s  then negligible. In these cases ,  i t  
i s  sufficient to r e fe r  p a  to i t s  m e a n  value taken vert ical ly a c r o s s  the 
cavity. 
In the design of hydrofoils where cavitation i s  a problem, i t  i s  known 
experimental ly tha t a s  cavitation develops the lift  d e c r e a s e s  while the 
d r a g  inc reases ,  a behavior which i s  undesirable f r o m  the efficiency view- 
point. Consequently, cer ta in  efforts  have been made to shape the various 
components (such a s  the hydrofoil, supporting s t ru t s ,  etc .  ) in such a way 
that cavitation could be avoided within the requi red  speed range.  Thus the 
lifting hydrofoil and supporting s t r u t s  a r e  made comparatively thin, and, 
probably even m o r e  important ,  the camber  of the hydrofoil i s  made smal l  
so that the local  s ta t ic  p r e s s u r e  will not be a s  low a s  the vapor p ressu re .  
Ilowever, even for a sys tem of well-designed componerits, there exis ts  an 
upper l imit  of flow velocity above which cavitation will  take place. On the 
o ther  hand, for a modera te ly  high design speed, the techniques to a s c e r  - 
tain the highest cavi ta t io i~  speed would be hindered by severa l  prac t ica l  
l imitations. F o r  instance, the requi rement  of s t ruc tu ra l  s turdiness  i s  
one; and second, a l imitat ion of liydrodynamical nature that the necessa ry  
total lift, when the velocity i s  l imited to be l e s s  than the cavitation speed, 
can only be obtained by increasing the lifting a rea ,  and hence a l so  the 
f r ic t ional  drag.  In o r d e r  to achieve a thorough clarif icat ion of the prob- 
l e m  a s  to whether optimum conditions would be obtained by designing 
for  the noncavitating o r  cavitating motion, i t  s eems  construct ive to f i r s t  
compare  the cha rac te r i s t i c s  of hydrofoils under cavitating and noncavita- 
king operat ions.  In the next section, the comparison i s  initiated with a 
study of two -dimensional hydrofoils. 
III. TWO-DIMENSIONAL CAVITATINC AND 
NONCAVITATING HYDROFOILS 
A s  a pre l iminary  investigation, we f i r s t  consider  the hydrodynamic 
behavior of hydrofoils of infinite span in  a flow of infinite extent under 
two different operat ing conditions: fully cavitating and fully wetted. In 
o r d e r  to simplify the comparison,  we shal l  confine the discussion to two 
geometr ic  shapes,  namely, the f lat  plate and c i rcular  a r c s ,  the r e su l t s  of 
which a r e  m o r e  o r  l e s s  representat ive of hydrofoils of o ther  geometr ica l  
configurations. The effect of thickness will  be neglected in this repor t ,  
a s  this effect is r a t h e r  unimportant for  thin hydrofoils. 
In some of the previous works:' the lift coefficient of fully cavitah 
ting hydrofoils a t  a s m a l l  angle of a t tack  a and a r b i t r a r y  cavitation 
number cr is approximated by the express ion 
where r i s  defined by Eq.  (1). Formula  (2) was deduced by ~ e t 2  f r o m  
Rayleights theory of the oblique lamina (e.  g. Ref. 6, p. 102) by l inear iz-  
ing the l i f t  coefficient a t  cr = 0, 
- 
27r sin a 
'L 4 i- .rr s i n a 8  
for  a smal l  to obtain .rr/2 a and by adding to this quantity the p ressure  
coefficient on the upper suction side, namely, cr. A s  will  be shown la ter ,  
the agreement  between the l inear ized  formula  of Eq. (2) and experiment 
is not ve ry  good, even for  a smal l  ( see  Ref. 7). Fur the rmore ,  the 
effect of the camber  of cavitating hydrofoils is important  in applications 
and such a correc t ion  is not indicated in Eq. (2). 
Re cently a theoretical investigation, supported by experimental  evi- 
dence, has  been ca r r i ed  out,3 in which the f ree  streamline theory is ap- 
plied t s  skudy the lifting problem 0 9  two-dimensional hydrofoils with a fully 
cavitating wake. The hydrofoils considered in Ref. 3 a r e  those with a sharp  
leading and trailing edge which a r e  assumed to be the separation points of 
the f ree  streamlines.  Except for this  limitation, this nonlinear theory is 
applicable to hydrofoils of any geometric profile, operating a& any cavita- 
tion number and f a r  a lmost  a l l  angles of a t tack a s  long a s  the wake has a 
fully cavitating configuration. Two examples a re  worked out in Ref. 3 for 
the case  of (1) the flat plate, and (2)  the c i rcular  a r c ,  subtending an angle 
2"4 a s  shown in F i g .  1. 
The resu l t  for the c i rcular  a r c  is  as  follows: 
where 
The resu l t  for  flat plate can be deduced f rom the above formulas by let-  
ting Y = 0. The value of CL for  the flat plate i s  plotted against a 
for different a's in Figs .  2 and 3 and is further cross-plotted against 
P in Fig. 6. The value of CD i s  similarly plotted in Figs .  4,5, 7. In 
the cavitating range of practical  interest ,  the Reynolds number of the 
5 flow is in general  very large,  say, of the order  5 x 10 o r  greater .  
The fr ict ional  d rag  coefficient is then of the order  0.005 (see  Eq. (8)) 
which is much smal ler  than the cavity drag coefficient for  a lmost  a l l  a 
and u (cf. Figs.  4 ,5)  and can thus be neglected. A s e r i e s  of experi- 
ments7 ha s  been ca r r i ed  out in the Hydrodynamics Laboratory, 
California Institute of Technology, a s  par t  of this program. Some of 
the experimental  data a r e  shown in Figs.  6 and 7, with which the theory 
i s  in good agreement.  
In o rde r  to compare some hydrodynamic character is t ics  of fully 
cavitating hydrofoil with those a t  fully wetted condition, we reca l l  the 
8 
well-known resu l t  f rom ai r foi l  theory that, when the hydrofoil is fully 
wetted, 
CD = (2 cos  a) Cf (7) 
where Cf, the mean friction coefficient on one side of the wing, can be 
est imated by using the Prandtl-Schlichting formula ( see  Ref. 9, p. 33) 
6 Uc 9 
Cf = 0. 455(loglO 58' for 10 < Re = y C  10 . (8) 
The above equation gives an approximate value of Cf for  a flat plate 
a t  z e ro  angle of at tack with a turbulent boundary layer and should pro- 
vide a good approximation for the present  comparison. In the experi-  
mental  work of Ref. 7, the measured Re falls in the above range. The 
value of CL given by Eq. (6) i s  plotted in  Figs. 2 and 3 for flat plate 
and in Fig. 8 for a c i rcular  a r c  with f = 8O. 
L e t  us take Fig.  3 a s  a typical illustration. F o r  a given value of 
u there is a cer ta in  smal l  positive value of a, say a a t  which the P' 

Fig. 2 - Dependence of CL on a .  
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Fig.  3 - The value of CL for a small. 

a ,  ATTACK ANGLE IN DEGREES 
Fig.  5 - The value of CD for a small. 
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F i g .  6 - Dependence of CL on U. 

a, ATTACK ANGLE IN DEGREES 
Fig, 8 - The value of CL of a circular arc.  
cavitating value of CL, given by Eq. (4), becomes equal to the aerody- 
namic value given by Eq. (6), provided that the fully cavitating model  is 
st i l l  a s sumed  to be a possible configuration (e. g.  cn = 4.  5O for  cr = 0.4). 
P 
Any fur ther  extrapolation of Eq. (41, without justification, to smal l e r  
values of a would yield the implausible resul t  that the cavitating values 
of CL would be g rea te r  than their  corresponding aerodynamic values. 
I t  s e e m s  reasonable,  however, that under no cavitating condition should 
the value of CL s u r p a s s  noticeably i t s  c o r r c  sponding aerodynamic value. 
T h u s w e e x p e c t  t h a t n e a r  a =  a the par t ia l lycavi ta t ingf low t a k e s p l a c e ,  
P 
a t ransi t ional  stage between the dully cavitating and fully wetted conditions. 
Th i s  argument  i s  supported by experimental  evidence, a s  showrl by the 
double -dotted l ines  in Figs .  2,  3.  Thus,  the value of CL of a fully 
wetted hydrofoil i s  actually the asymptote to which the cavitating CL a t  
every  cr approaches f rom below a s  a dec reases  f rom a After the 
P' 
cavity i s  developed, CL i s  l e s s  than the aerodynamic value a t  the same  
a for  a < a < ~ r / 2 ,  and fal ls  f a r the r  below the aerodynamic value the 
P 
smal l e r  cr, ( see  Fig .  2). F u r t h e r m o r e ,  the cavitating d rag  coefficient 
i n c r e a s e s  to values much l a r g e r  than those under the fully wetted con- 
dition. Therefore ,  i f  the ra t io  CL/CD is the quantity to be compared,  
the fully cavitating hydrofoils should always have smal l e r  lift-drag ra t io  
than those operat ing under the fully wetted condition. Even under the un- 
favorable circumstance that cavitation cannot be avoided, there a r e  
s t i l l  s eve ra l  interest ing points worth noting: 
a .  The effect of camber  of the geometric  profile. 
Under the fully wetted condition, the r a t e  of increase  of CL with 
r e spec t  to 4( for a and 'f both s m a l l  can be deduced f r o m  Eq. (6); 
T h i s  r a t e  for  a fully cavitating hydrofoil can be determined3 f rom Eq. 
(4) to be 
Fig. 9 - The value of CD of a circular arc.  

which is insensitive to cr for cr < 0.8.  Although the above value of 
( dcL /dy )  for  cavitating flow is about 561 l e ss  than that of the fully 
wetted case  on their respective absolute scale, the comparison can be 
made on the basis  of equal aerodynamic effective angle of attack. The 
effective angle of attack for the c i rcular  a r c  is known8 f rom airfoil  
theory to be 
where a is the geometric angle of attack measured f rom the chord. At 
the same ae  the aerodynamic value of CL i s  the same for a l l  Y when 
ae 
is small.  But if the hydrofoil is fully cavitating, CL st i l l  increases  
with increasing y , holding ae fixed. The rate of increase in this  case 
is approximately: 
a t  equal, smal l  ae. 
The above resul t  shows that the means of increasing CL by using 
hydrofoils with larger  Camber i s  of g rea te r  value in cavitating operation 
than in the fully wetted condition. In other words, two hydrofoils with 
different camber,  when fully wetted, have the same CL a t  the same a,; 
after  the cavity flow is fully established, the one with the l a rger  camber 
experiences more  lift, holding both a and cr the same. When the 
e 
cavitating case  alone is considered (cf. Figs.  10 , l  l ) ,  the situation be- 
comes even c learer :  The increase  in CL due t s  an  increment of Y is 
significant, especially for  smal l  a. Besides,  the penalty of causing 
higher drag for l a rger  y i s  much l e s s  significant, relative to the gain 
in lift, fo r  a smal l  (cf. Fig. 11). 
In view of the above discussion, i t  is of advantage to use reasonably 
large  camber  to obtain higher lift in the fully cavitating regime. 
b. The effect of cavitation number. 
The resu l t s  plotted i n  Figs .  6 and 7 show that for  a large, say 
greater  than 4s0 ,  the values of CL and CD for  different cr approach 

a, ATTACK ANGLE IN DEGREES 
Fig .  12 - The effect of a on cL/cD for the flat plate. 
respectively the asymptotes 
In part icular ,  for the flat plate held a t  a = 90°, Eqs. (4),(5) reduce to 
the well-known resu l t s  ( see  Ref. 6, p. 101) 
F o r  a small,  they deviate appreciably f rom these asymptotes; the devia- 
tion i s  much more  marked for CL. F o r  example, d cL /d r  becomes 
greater  than unity for  a < l5O and s > O .  2. Thus, for  st i l l  smaller  a, 
which i s  actually in the range of practical  interest ,  the larger  value of 
d c L / d r  favors  the operation of hydrofoils a t  higher r, that is, a t  lower 
velocity U and/or a t  higher (pot - ps). F r o m  a practical  viewpoint, 
the requirement on the value of U is usually preassigned in  the design. 
Hence the only alternative left i s  to increase ( p  - pc) With the pre-  
a3 
sence of a f ree  water surface,  this  can be achieved by submerging the 
hydrofoil to greater  depths,for the hydrostatic p ressure  inc reases  with 
the depth. However, because of s t ructura l  difficulties in designing 
>long connecting s t ru ts ,  the submergence depth' is also limited. 
But within this limitation, the essential  point is that the submergence 
should not be kept too shallow if a better  performance is required a t  
cavita ting conditions. 
c. The effect of angle of attack. 
F i r s t ,  it i s  noted f rom Figs .  2 , 3 ,  that after the hydrofoil is fully 
cavitated dcL /da  decreases  to values much smal ler  than that of the 
fully wetted case, which is approximately equal to 2a. This  resul t  
means  that the CL of fully cavitating hydrofoils a t  smal l  angles of a t -  
tack is quite insensitive to variations of angle of attack. Hence, when 
the flow is kept fully cavitating and the hydrofoil is held a t  a n  angle of 
attack l a rger  than a there is little danger of losing the lift  due to 
P' 
fluctuations of approaching flow direction. This resu l t  clearly indicates 
another me r i t  of using cavitated hydrofoils. However, i t  should also be 
pointed out that with respec t  to increasing a ,  CD increases  in percen- 
tage more  rapidly than C under the cavitating condition (cf. a lso  L 
Figs. 5, 6). Their  relative ra tes  a r e  plotted in Fig. 12 for the flat plate 
hydrofoil, which shows that the rat io cL/cD decreases  with increase .  
in a. I t s  value should be equal to cot a and independent of w* ; the 
slight discrepancy shown in Fig. 12 i s  apparently due to the approxima- 
tion introduced in the calculation. As  the maintenance of lift is of pri-  
m a r y  concern in  practical  applications of hydrofoils, reserving addi- 
tional propulsive power to encounter the possible increase  in drag due 
to variations of a mus t  be regarded a s  unavoidable sacrifice. 
d. The effect of part ial  cavitation. 
Experimentally i t  was found by Sottorf1° that part ial  cavitation on 
the upper surface of a hydrofoil gives a slightly higher value of the 
CL/cD ra t io  than the noncavitating case  provided that the cavity covers 
only the front portion of the upper surface. This is probably because a 
thin cavitation bubble layer reinforces the flow curvature and thereby 
inc reases  the lift. Besides,  the bubble layer  lessens  the surface f r ic-  
tion by acting a s  a cushion between the solid surface and the high velocity 
water s t ream.  However, this favorable range of operation i s  not very 
stable; and such advantage, a s  i t  affords, should not be taken for the 
following reason. 
Le t  us consider for  the moment that a hydrofoil i s  moving slightly 
fas ter  than the speed a t  which the hydrofoil is partially cavitated on the 
upper surface. Suppose that due to some cause there is a slight change 
in  the flow velocity relat ive to the hydrofoil. If the velocity U de- 
c reases ,  cr then inc reases  and the cavity i s  suppressed. The flow ap- 
proaches the fully wetted configuration; consequently CL increases  and 
CD decreases ,  approaching their r e  spec tive aerodynamic values. The 
resulting lower drag in turn  would make the hydrofoil accelera te  i f  the 
%owever, i t  was  observed in the experiments of Ref. 7 that the 
ra t io  C /C of the flat plate in full cavity flows depends to a n  a#pre- 
ciable ektenfon the cavitation number for  a smal l  ( l e ss  than 15 ) but 
l i e s  very close to cot a, independent of s, for l a rger  values of a. 
The reason for this resul t ,  whether i t  is due to wall effect of the water 
tunnel o r  other causes,  remains  to be determined. 
propulsive power were kept unchanged. Moreover, when the f ree  water 
surface is present, the slightly increased lift would r a i s e  the hydrofoil 
to a shallower depth where the hydrostatic p ressure  i s  less .  Both of 
these effects resu l t  in a decrease  in cr, thereby the cavitation s t a r t s  to 
grow again. As  a consequence, CL decreases  and C,, increases ,  
thus the value of U is again reduced. This  process then repeats  it- 
self over and over during which the fluctuation in both lift and drag 
could be very severe and certainly undesirable. 
Perhaps,  a s  an  analogy to this cr i t ica l  cavitating condition, the 
transonic flight of airfoi ls  may be remarked on here,  even though their 
basic features a r e  different, When an airfoil  i s  designed for super- 
sonic flight, the duration of i t s  passage through the sonic velocity 
should be made a s  shor t  a s  possible. Likewise, i f  a hydrofoil is to be 
operated with a fully developed cavity, then i t s  motion with velocity 
very close to cr i t ica l  cavitating value should not be too long. 
e. Comparison of hydrofoils with planing surfaces. 
A s  will be made explicit later ,  the effect of f ree  water  surface 
become s negligibly smal l  even for moderate submerging depths, say, 
four chords deep o r  deeper. Now i t  would be of interest  to estimate 
the change in  CL and C,, when the hydrofoil r i s e s  f rom a moderate 
depth to become a planing surface. Wagner's theory for the planing 
flat plate of infinite span gives the following result" fo r  smal l  a: 
cL = .rr sin a cos a , (15) 
2 CD = .rr sin a + Cf 9 Cw . 
In Eq. (16) Cf denotes the friction drag coefficient ( see  Eq. (8)) and 
Cw represents  the wave drag coefficient due to the gravity waves 
created by the planing surface. With both Cf and Cw neglected, 
Eqs. (15) and (16) a r e  plotted in Figs.  3 and 5; the ratio CL/cD is 
also equal to co t a  in this case.  However, for  a small,  both CL 
and G,, of a fully cavitating hydrofoil a r e  greater  than their planing 
values for  approximately 
I t  follows that a cavi tat ing hydrofoil, when held a t  sufficiently l a rge  a 
and s m a l l  enough cr, would obtain higher C and CD when i t  L 
p i e r c e s  through the wa te r  su r f ace ,  a r e s u l t  which cannot be obtained in  
the fully wetted motion, T h i s  sugges ts  that a fully cavitating hydrofoil 
opera t ing  with a -0. 5 a would continue to plane should i t  b roach  the water  
s u r f a c e .  However ,  a m o r e  significant fea ture  is that, f o r  a-0. 5 cr , the 
l o s s  of l ift  of a cavitating hydrofoil a f t e r  planing i s  in genera l  l e s s  than 
that fo r  a noncavitating hydrofoil. The re fo re  the motion of a fully cavi-  
tating hydrofoil  nea r  the wa te r  su r f ace  very  likely would be much smoother  
than that of a fully wet ted hydrofoil, and  the tendency to maintain au tomat i -  
cal ly  the p rope r  c ru i s ing  al t i tude would s t i l l  be re ta ined  if a< 0. 5 u . 
f .  A numer i ca l  e s t i m a t e  of the lift under cavitating condition. 
L e t  u s  suppose,  f o r  example ,  that a fully cavitating hydrofoil  i s  
0 held a t  a = 10 with cr = 0.  2. L e t  u s  fu r the r  take U to be 110 f t  p e r  
s e c . ,  which co r re sponds  to a submergence  depth of about 5 fee t  with 
cr = 0. 2. F r o m  Fig .  3,  the value of CL a t  this condition i s  0. 35. T h e r e -  
fo re  the total  l if t  per  squa re  foot of the hydrofoil i s  
The  lift  f o rce  per  unit a r e a  a s  la rge  a s  this magnitude h a s  been observed .  12 
Thus ,  i t  s e e m s  that no par t icu lar  difficulties a r e  involved in  supporting 
wa te rc ra f t  of medium weight, say ,  of the o r d e r  of 100 tons, even if the 
fully cavitating opera t ion  i s  chosen.  The  operat ion of such a c r a f t  would 
be possible  provided, of cou r se ,  the take-off power to have the c r a f t  foil- 
borne  w e r e  avai lable .  The  p re sen t  s ta te  of the a r t  in  applying hydrofoils 
to heavy sh ips  i s  p r i m a r i l y  l imited by the power plants avai lable ,  as d i s -  
cus sed  i n  Ref.  1. 
Some of the two-dimensional  hydrofoil  r e su l t s  given in  the p reced -  
ing sec t ions  mus t  of c o u r s e  be c o r r e c t e d  to allow fo r  s e v e r a l  effects  
which usual ly occu r  i n  p rac t i ca l  appl icat ions.  P e r h a p s  the m o s t  i m -  
portant  of these  a r e  the effects  due to finite span and  the presence  of 
f r e e  wa te r  sur face .  F o r  noncavitating hydrofoils these  problems have 
rece ived  cons iderable  at tent ion and  some previous r e s u l t s  wil l  therefore  
be reviewed he re .  The  qualitative f ea tu re s  of these  effects  on cavitating 
hydrofoils wil l  be d i scussed  subsequently.  
1% THREE-DIMENSIONAL AND SURFACE EFFECTS 
ON HYDROFOLLS 
In Ref. 2 a theory for fully wetted hydrofoils of finite span i s  for-  
mulated i n  a manner s imi lar  to the lifting line wing theory of L. Prandtl.  
En o rder  to discuss the three-dimensional effect of finite span and the 
gravitational effect ( f ree  surface wave formation) we reproduce here the 
detailed calculation of CL and CD for  a specified hydrofoil c a r r i ed  
out in Ref. 2. The hydrofoil is taken to have an elliptic plan form, with 
span-chord 5 (and hence aspect  rat io 6.3), moving with a geometric 
angle of attack 6O a t  a speed U = 100 ft per  sec. The resul t  i s  plotted 
in  Fig. 6 of Ref. 2, in which the viscous drag is neglected. Some ex- 
perimental r esu l t s  a r e  available.12 A model used in the tes ts  of Ref. 
12 was a NACA 23012, of rectangular plan fo rm with a 5 in. chord and 
aspect  ratio 6, and was operated a t  speeds above 20 fps. Thus, based 
on the chord, the Reynolds number U C / V  i s  greater  than 654,000 and 
the Froude number 3 / ( g c )  i s  greater  than 30. Though the special 
example calculated by applying the theory does not quite correspond to 
the available data, we can st i l l  justify the comparison by noting that 
fir st, the effect of these two different plan fo rms  is unimportant and 
second, the values of d / (gc )  for  the two cases  a r e  of the same o rde r  
of magnitude ( 3 8 . 9  for  the theory with chord equal to 8 ft, between 30 
and 250 for  the experiment) which a r e  sufficiently large  to cause no 
appreciable corrections according to the theory. Besides, the friction- 
a l  drag and the effect of the different aspect  rat io can easily be account- 
ed  for. Now we add to the calculated CD a n  approximate frictional 
drag coefficient CDf = 2 Cf = 0.011, where Cf is est imated by using 
Eq. (8) for the same Re a s  the experiment and the factor two accounts 
for the two sides of the hydrofoil. The final result  so obtained i s  plot- 
ted in Fig. 13. In the same figure the NACA data for a = 6' a r e  a lso  
shown for comparison. Thus, one can see that the theory is in  good 
agreement with the experiment. 
To summarize,  the resu l t s  show that for  Froude number d / ( g c )  
g rea te r  than 10 and for submergence depths greater  than two chord 
lengths, the influence of the water  surface is negligibly small. In the 
SU3MERGENCE IN CHORD LENGTH, h/c 
(C,, CHORO AT THE CENTRAL SPAN) 
Fig. 13 - The effect of depth of submergence on CL and CD 
(three -dimensional, noncavitated flow). 

range of depths l e s s  than two chords, CD decreases  gradually and C L 
decreases  comparatively rapidly with decrease in depth. Moreover, the 
agreement with the experiments evidently indicates that the lifting line 
theory gives an accurate est imate of the effects of finite span and f ree  
surface for  hydrofoils of large  aspect  rat io when operated without cavita- 
tion. 
Now for a fully cavitating hydrofoil of large but finite span sub- 
merged a t  finite depth, i t  is conjectured that the lifting line theory can 
be applied i f  one assume s that the cavitating hydrofoil can be replaced 
by a bound and trailing vortex system. The lift distribution along the 
lifting line is the same a s  the lift distribution, after  integration with r e -  
spect to the chord of the hydrofoil, along the span direction. The induced 
velocity field will resul t  f rom three causes: the vortex system repre -  
senting the lifting line, the f ree  surface pressure  condition and the wave 
formation on the water  surface. The local  flow, with the induced velo- 
city so  determined, around the cavitating hydrofoil a t  each section per-  
pendicular to the span can be considered a s  that of a two-dimensional 
flow around a cavitated hydrofoil of infinite s p n  without f ree  water  su r -  
face. The data of such flow a r e  given by the above two-dimensional 
theory o r  can be obtained by experiment for  some general  geometric 
shapes, provided that the Reynolds number and cavitation number a r e  
the same. In any event, we would expect to obtain a resul t  for the fully 
cavitating hydrofoils quite s imi lar  to that described above for the non- 
cavitating case.  That  is, CL and CD change smoothly f rom their 
three-dimensional cavitating values (without water surface) to the planing 
values within a submergence depth of about two (to four) chord lengths. 
The effect of finite span alone could a lso  be calculated for the fully 
cavitating hydrofoil under the s e  assumptions. It should be remembered 
that the replacement of the cavitating hydrofoil by a lifting line in this 
particular case  is only an  assumption which must  be verified by experi- 
ments. But if i t  is correct ,  i t  then indicates that the two-dimensional 
comparison of cavitating and noncavitating hydrofoils should give 
reasonable es t imates  of the relative m e r i t s  of the corresponding three- 
dimensional configurations. Fur ther  work on this point certainly seems  
necessary.  
V. CAVITATING AND NONCAVITATING 
STRUTS AND APPENDAGES 
The next problem for  consideration i s  the nonlifting, surface-  
penetrating s t ru t ,  such a s  would be used to support the hull on i t s  
underwater lifting hydrofoils. As  in  the preceding case ,  a simplifica- 
tion will  f i r s t  be made by assuming that the s t ru t  flow is two-dimen- 
sional and that the effect of the f r e e  surface  which i t  penetrates is negli- 
gible. Af terwards  the data a r e  co r rec ted  for these effects. This  
approximation is reasonably accura te  i f  the ra t io  of submergence depth 
to chord is fair ly large.  It s e e m s  likely that most  prac t ica l  applications 
of s t ru t  will l ie in this range s o  that the following comparisons which a r e  
simplified in the above manner  may  be directly applicable i n  some in- 
stance s. 
It  is known that when a ver t ica l  bluff s t ru t  moves horizontally at  
high speeds with i t s  top end projecting through the f r ee  water  surface,  
the cavity region just af t  of the s t ru t  will i n  general  be ventilated by a i r  
drawn down f rom the surface.13 If a horizontal section i s  taken through 
the s t ru t  the flow might  be a s sumed  to be two-dimensional if the section 
taken is not too nea r  the water  surface o r  the lower end of the strut .  
 o or example, see  Fig.  14a where the s t ru t  has a wedge shape). Under 
these conditions the d r a g  can be calculated simply f r o m  two-dimensional 
cavity theory. 
In a n  air-venti lated flow the effective cavitation n u m k r  for the 
flow section a t  a depth y below the f r e e  surface i s  eas i ly  shown to be 
where g is the accelera t ion  due to gravity. The average value of a(y) 
fo r  a ver t ica l  s t ru t  a t  total submergence depth h is then 
T h u s  for s m a l l  submergences  and  high speeds the effective values of 
- 
cr a r e  very  low. F o r  a s t ru t  symmetrical with r e spec t  to a cent ra l  ver t i -  
c a l  plane the d r a g  coefficient would then be 13  
where @ is the d r a g  coefficient corresponding to = 8, F o r  a 
Do 
wedge-shaped s t r u t  the value of C i s  shown a s  a function of wedge 
Do 
angle i n  Fig. 15 (which is reproduced he re  f rom Ref. 13, Fig.  10). 
On the other  hand, when the cavi ty is kept f r o m  being ventilated, 
2 the corresponding value of cs- i s  always g rea t e r  than g h / ~  (the a for  the 
ventilated case ,  s e e  Eq. 20), since the vapor p r e s s u r e  is l e s s  than a t -  
mospher ic  p re s su re .  Consequently the d r a g  in the ventilated c a s e  
( ~ q .  21) i s  the lowest possible value of the d rag  for  the s t rut .  Some- 
t imes  this  ventilating phenomenon i s  descr ibed  by saying that the base  
p r e s s u r e  is increased ,  resul t ing in a reduction in  '!base dragts .  In some 
c a s e s  the reduction of the base  d r a g  m a y  be a ve ry  la rge  effect, amount-  
ing to a reduction of a n  appreciable  fract ion of the unventilated value 
( see  Ref. 13, F ig .  11). The  magnitude of improvement can be es t imated  
in  any instance where there  i s  data for  the bluff shape in full  cavity flow. 
F o r  example, if the s t r u t  has  a s imple wedge shape, Fig. 15 can be 
used for  this  purpose. 
However, if a i r  ventilation i s  allowed to extend downward into the 
cavity on the hydrofoil which i s  a t tached to the lower end of the s t ru t ,  
then the lift of the hydrofoil d e c r e a s e s  due to decrease  in  a, a s  d i s -  
cus sed  in  Sec. 111-b. Thus ,  an efficient operation a t  high speeds such a s  
to obtain low s t r u t  d r a g  yet without sacr if ic ing the hydrofoil lift would 
necess i ta te  some  s o r t  of horizontal  parti t ions separat ing these two cavi-  
ty regions.  The  d r a g  of the s t ru t  portion in  the unventilated vapor cavi-  
ty can a l so  be computed with the a id  of cavity theory, but the vapor cavi-  
tation number er m u s t  be used in  Eq. 21, F o r  s t ru t s  of such configura- 
Lion, i t  i s  possible that the vapor cavity dimensions will  i nc rease ,  a s  
the speed is increased ,  until  they exceed the s ize of the partition. Air 
wil l  then ventilate into the vapor cavity, producing a sudden change in 
hydrodynamical f o r c e s  and  possibly forming a i r  cavi t ies  in other  reg ions  
where only vapor cavi t ies  previously existed. In many instances these 
Fig.  15 - The two- and three-dimensional  drag coefficients 
a t  cr = 0 a s  a function of p. 
P, - P k  CAVITATION NUMBER, a = -1 2  P ", 
Fig. 16 - The width of a two-dimensional cavity. 
effects might produce undesirable o r  even dangerous consequences such 
a s  sudden reduction in the hydrofoil lift. Naturally the designer should 
have such effects in mind in deciding whether they should be avoided o r  
not in any part icular  case .  
After the cavity flow is established, ventilated o r  not, i t  is pos- 
sible to extend the s t ru t  into par t  of the cavity region, a s  shown i n  Fig.  
14-b, without changing the force on the s t ru t .  Since this extension of 
the s t ru t  allows m o r e  s t ruc tura l  strength witliout any penalty in drag,  
the dimensions of the cavity would be of in te res t  to the designer since 
he can then design the s t r u t  profile to take advantage of this effect. The 
genera l  fea tures  of the cavity shape a r e  fa i r ly  well understood, and in  
the case  of wedges, the principal dimensions have been computed 
theoretically.14 Some of these r e su l t s  a r e  reproduced he re  a s  Figs .  16- 
18. F r o m  these data an interest ing fact,  which may  be useful in  p re -  
l iminary design considerat ions,  can be noted that -- for a given nose d r a g  
-
the genera l  cavity s ize depends primarily. on the cavitation number. 
Th i s  relationship, which i s  a lso  t rue  fo r  three-dimensional cavities,  
can be seen f rom Fig. 18, where the over  -al l  cavity length-width ra t io  
for wedges of different wedge angles i s  shown to depend only on a to 
a good approximation. However, the local  cavity shape near  the nose 
depends to some extent on the speci f ic  nose geometry. F o r  example, 
ei ther  a n  acute wedge nose o r  a f lat  plate nose can be used to obtain 
a cer ta in  size of cavity, although the plate nose mus t  have a smal l e r  
base  width. To be m o r e  specific, a t  cr = 0. 1 the width of a f lat  plate 
0 
m u s t  be approximately one - third of the base width of a 15 half -ver tex  
angle wedge in o rde r  that these two cavit ies  a r e  of the s a m e  over-a l l  
width and length. This  s tatement can be easi ly verified f r o m  Fig. 16- 
18. In view of this relat ionship the designer has considerable leeway 
in choosing the nose shape to throw a given cavity, although the nose 
size: mus t  be a l t e red  consistently. Since the strut  portion which i s  
in ter ior  to the cavity does not affect the hydrodynamics there is a l so  
considerable latitude of choice in  i t s  profile. However, i t  is certainly 
desirable to shape the s t ru t  in a manner  that will favor low drag  when 
the s t ru t  is running fully wetted a t  very low speeds. 
The viscous d rag  coefficient of a fully wetted s t ru t  can be es t ima-  
ted by using Eq. (8) for  the corresponding range of Reynolds number. 
Fig. 17 - The length of a two-dimensional cavity. 
Fig .  18 - The length-width ra t io  of a two-dimensional cavity. 
low o;, the r a t i o  i s  independent of P, being 
I t  will be further assumed here  that the skin friction drag of a two- 
dimensional streamline-shaped s t ru t  has  the same value a s  that on a 
flat plate of equal a r ea ,  although experimentally the fo rmer  is found 
slightly greater  than the lat ter  a t  the same Reynolds number. Thus, 
the total skin friction drag experienced by a s t ru t  of wetted surface S 
is approximately 
where Cf is given by Eq. (8) o r  some equivalent formula. 
In this connection we mention another interesting fact concerning 
the fully cavitated and fully wetted operations of streamline-shaped 
s t ru ts .  F o r  simplicity we consider here  only the s t ru t s  with a flat 
plate nose of width d. Suppose that the s t ru t  is shaped in such a way 
that i t  almost  fills the cavity a t  a certain value of cavitation number, 
say IF.. The value of ui is called the incipient cavitation number of 
1 
this s trut ,  since such a s t ru t  would not, in principle, cavitate a t  any 
value of cr higher than ui. Fo r  cr < r the cavity i s  fully developed i' 
and the s t ru t  then experiences a cavity drag, which i s  the total drag in 
this case, equal to 
where CD is the well-known resul t  given by Eq. (14), 
c D ( r )  = 0.88 (1  + r) for  cr<r.. 
1 (24) 
Now c,,(w) i s  a t  l eas t  0.88 while Cf , given by Eq. (8). i s  of the 
o rder  of 0.005 for the prescr ibed range of Re; the resulting value of 
cD(r ) / c f  is thus of the o rder  of 150. Since Df is based on the wetted 
length S whereas Do is re fe r red  to the base width d, i t  i s  c lear  that 
for ( ~ / d )  l e s s  than the above o rder  of magnitude for cD(cr)/cf, the 
drag will increase as the cavity s t a r t s  to establish. However, the op- 
posite may also occur (that is, the drag will decrease when cavitating) 
for  s t ru t s  having l a rge r  values of ( ~ / d ) .  At one point, the drag would 
be equal in ei ther  case.  To  find this cr i ter ion,  we r e f e r  to Ref. 14 that 
a t  o- = cr. the cavity is approximately of the fo rm of a n  ellipse, with a 
1 
major  a x i s  1 and minor  axis  dmi  where f o r  wi sma l l  i 
Hence the c i rcumference  of the el l ipse is 
Therefore  we obtain 
The value of cri which gives the above ra t io  unity can readily be de te r -  
mined for  given Cf. In general,  this c r i t i ca l  value of cr. is of the 
1 
o r d e r  of 0. 14, corresponding to a f a i rness  ra t io  J!,/dmi 15. In 
1 
pract ica l  applications, however, the f a i rness  ra t io  of s t ru t s  i s  in general  
much l e s s  than this value in o r d e r  to favor low d r a g  when the s t ru t  is 
running fully wetted a t  low speeds. 
When the appendages contain some  slender o r  axisymme t r i c  
bodies, the cha rac te r i s t i c s  of such bodies a t  cavity-running o r  non- 
cavity running conditions a r e  quite s imi la r  to those of s t ru t s  a s  d iscussed 
above. No fur ther  elaborat ion will  be made here  on these points. 
VI. REMARKS ON PRACTICAL CONSIDERATIONS 
While the preceding sect ions have outlined the performance charac-  
t e r i s t i c s  of the individual components, t h e  design of a prac t ica l  hydrofoil 
boat sys tem s t i l l  r e q u i r e s  consideration of combinations of s t ru t s  and 
hydrofoils, and possibly other  submerged components such a s  the propul- 
sive sys tem.  It  s e e m s  feasible to proceed by est imating fir s t  the per-  
formance of the various components separately and then to make a n  
allowance for interference o r  interaction effects so that the over-a l l  
performance can be estimated. F o r  completely wetted foils some of 
these interactions might be est imated f rom available aerodynamic data. 
F o r  example, the intersection of the hydrofoil with the supporting s t ru t  
might be designed by this approach, much the same a s  the wing- 
fuselage interference in aerodynamics. 
F o r  the fully cavitating hydrofoil, the strut-hydrofoil intersection 
s eems  eas ie r  to design since a l l  the structure and fair ings may be in- 
ternal  to the cavity and hence will not cause any hydrodynamic inter-  
ference. On the other hand, i f  during the development of cavity flow 
the s t ru t  o r  the hydrofoil nearly fills the cavity, peculiar effects may 
be observed because of the splash f rom various spray sheets  striking 
the surfaces of the hydrofoil o r  s t ru t  in an  unexpected fashion. In the 
present  state of the a r t  i t  would be advisable to check the design of a l l  
intersections in  model experiments where full view can be obtained of 
the flow in the vicinity of the intersections. Relatively little is known 
a s  to the magnitude of the interactions for fully cavitating s t ru t -  
hydrofoil systems,  and more  information on this problem would be of 
value. 
Another source of interference effects i s  the intersection of the 
support s t ru t s  and the f ree  surface. The f ree  surface effect on non- 
cavitating s t ru t s  i s  essentially to generate a gravity wave on the f ree  
surface. The wave res is tance  of such s t ru t s  can be calculated by 
applying the c lass ica l  Michellrs  thin ship theory.15 Except for this 
effect, the f ree  surface interference s eems  otherwise not appreciable. 
Some recent  experiments on cavitating s t ru t s  also have indicated that 
the intersection does not introduce any radical  changes f rom the two- 
dimensional est imate s? It may be mentioned here that i f  the lower 
end of a s t ru t  passes  into a cavity, the end flow situation is almost  
identical with that a t  the f r e e  surface, and the interference effect should 
be of the same nature. 
VII, REMARKS ON ADVANTAGES AND DISADVANTAGES O F  CAVITY 
RUNNING; APPROXIMATE ECONOMY COMPARISON 
The  t r end  toward higher  speed  opera t ions  and  the p rac t i ca l  l imi-  
tation on submergence  of the hydrofoil s y s t e m  indicate  that cavitation 
wil l  be m o r e  and  m o r e  difficult to avoid i n  fu ture  designs.  If i t  m u s t  be 
avoided, the only c o u r s e  which the des igner  can  follow is to shape the 
prof i les  of the var ious  submerged  hydrofoils and s t r u t s  s o  that the loca l  
p r e s s u r e  i s  never  l e s s  than the vapor p r e s s u r e  a t  the max imum speed  
of the boat. In p rac t i ce  th i s  m e a n s  that the higher the design speed, 
the m o r e  s lender  m u s t  be the hydrofoils and  s t ru t s .  Unfortunately, a s  
pointed out  i n  a preceding sect ion,  the increas ing  s l ende rness  of the 
fo i l s  a n d  s t r u t s  i s  r a t h e r  disadvantageous f r o m  the standpoint of s tkuc tura l  
design, and  beyond a c e r t a i n  point there  i s  a consequent penalty in 
drag .  It  m a y  be that i n  this  c a s e  i t  i s  m o r e  profitable to util ize a cavi-  
ty running design. 
Even  though the des igner  has  constructed a l l  the p a r t s  so that 
vapor cavi tat ion wil l  be avoided within a p r e s c r i b e d  speed  range  and  
l imi ted  a t t ack  angles  of the hydrofoils,  there  is s t i l l ,  in  some c a s e s ,  
the possibi l i ty  that a i r  ventilation could occu r .  F o r  example,  if the 
boat i s  to opera te  i n  rough water ,  additional considerat ion m u s t  be given 
to the possibi l i ty  of a n  accidental  exposure  of a hydrofoil to the a t m o s -  
phere and  consequent cavi ty format ion  by a i r  ventilation. Such a cavity 
might p e r s i s t  even  a f t e r  the hydrofoil  was  r e tu rned  to i t s  no rma l  run -  
ning depth if the a i r  cavity could communicate  i n  s o m e  fashion with the 
a tmosphe re .  S imi la r ly ,  the ventilation of a i r  into a n  a r e a  where  a 
vapor cavi ty had f o r m e d  might  r e s u l t  i n  a vastly en larged  cavi ty which 
could then ventilate to the a tmosphe re  and  maintain a n  a i r  cavi ty a f t e r  
the boat  had slowed down to a speed  a t  which vapor cavi tat ion o rd ina r i l y  
could not init iate.  Poss ib i l i t i e s  of this  kind indicate that in  the execu-  
tion of the design, for  noncavity running only, the cavity-running effects  
should s t i l l  be cons idered  because  of the likelihood that such a i r  cavi t ies  
might  occu r  accidentally.  
I t  m a y  be pointed out he re  a l so  that i t  is not r ea l ly  n e c e s s a r y  to 
r u n  both supporting s t r u t s  and  lift ing hydrofoils in  the s a m e  dlow regime. 
F o r  example ,  one might  o p e r a t e  the lifting hydrofoils with ful l  vapor 
cavi tat ion while having no cavitation on the s t ru t s .  O r ,  one might  con- 
s i d e r  running the hydrofoils without cavitation but allowing a i r  ventila- 
tion on the upper p a r t  of the s t ru t s .  The  considerat ion of a l l  the poss i -  
b i l i t i es  actual ly  would amount  to a sys t em analys is  which might  uncover  
a m a r e  effective app roach  than one would otherwise cons ider .  
Next, a compar i son  f r o m  the economy point of view, much the 
s a m e  a s  the operat ion r e s e a r c h  appl ied to a i r c r a f t  in c o m m e r c i a l  s e r -  
vice,  wil l  be ca lcu la ted  i n  a s implif ied manne r ,  thus providing a crude 
c r i t e r i o n  fo r  cavi tated operat ion.  A complete  ana lys i s  of this  kind 
would r equ i r e  cons idera t ion  of a l l  re levant  f ac to r s ,  such  a s  capi ta l  in- 
ves tment ,  labor  c o s t s ,  adminis t ra t ion  and  maintenance expenses ,  
together  with f a c t o r s  of a purely hydrodynamic na ture .  To be m o r e  pre  - 
c i s e ,  the hydrodynamic p a r t  of the problem i s  r e f e r r e d  to a s  the de t e r -  
minat ion of the l ift  and  d r a g  of the hydrofoil (or  a sys t em of hydrofoils) 
opera t ing  in  these two flow r e g i m e s ,  with the effects  of f r e e  wa te r  s u r -  
face ,  finite span, in te rac t ion  between different pa r t s ,  and so  for th ,  a l l  
taken into account.  T h e  lift  e s t i m a t e s  the g r o s s  weight which the hydro- 
foi l  boat i s  capable of c a r r y i n g  a n d  the d r a g  de t e rmines  the power r e -  
qu i red  to provide a given lift, o r  the ene rgy  consumption in t ravel ing a 
given dis tance with a p re sc r ibed  load. A complete su rvey  considering 
a l l  of the relevant  f a c t o r s  would c e r t a i n l y  be useful in  a specific design 
study. Such calculat ions,  if undertaken e a r l y  i n  design,  m a y  likely 
b r ing  out the need fo r  m o r e  specific data.  However,  while this  paper  
emphas i zes  only the hydrodynamic a s p e c t s  of the en t i r e  problem, ou r  
p re sen t  i n t e r e s t  i s  to single out the impor tan t  fac tor  of the energy  con- 
sumption in  o r d e r  to obtain some  concre te  notion of the gene ra l  t rend  
fo r  this  one p a r a m e t e r .  
I t  should f i r s t  be r e m a r k e d  that high efficiency i s  not a lways a p r e -  
dominant fac tor  of concern  in high speed  operat ion.  F o r  instance,  i t  
might  be profitable to ope ra t e  a boat a t  high speed using fully cavitating 
hydrofoils,  even if t he re  w e r e  some  l o s s e s  i n  efficiency, because  a 
given number  of r u n s  could be made  in l e s s  t ime o r  by fewer  c raf t .  Sup- 
pose that,  with hydrofoi ls  cavitated, a n  avai lable  engine can  p rope l  a 
hydrofoil  c r a f t  of given g r o s s  weight t h ree  t imes  a s  f a s t  a s  fo r  a s imi l a r  
noncavitating c ra f t .  If the problem of comparing the respec t ive  capi tal  
investment, labor costs ,  and so forth, is disregarded for the moment, 
the question i s  then whether the total energy consumed in cavitating opera- 
tion is more ,  o r  l e ss ,  than three t imes that required for noncavitating 
operation to travel  the same distance. 
F o r  simplicity, let u s  confine ourselves to the case  of a flat plate 
hydrofoil, for  which two -dimensional hydrodynamic infor ma tion is 
presently available. In this simplified calculation, the analysis will be 
based on two-dimensional theory with some account taken for the effects 
of skin friction and wave drag. Because in this general  study the detailed 
configuration of the hydrofoil system is not definite, the effects of finite 
span and possible interaction phenomena a r e  not considered. In any 
specific case,  these effects could be est imated separately. 
F o r  a given angle of attack there i s  a cr i t ica l  speed, Uc, a t  
which the cavity s t a r t s  to develop. Suppose that a flat plate hydrofoil of 
plan a r e a  Ao, moves fully wetted a t  speed Uo9 l e s s  than Uc ; a n d  
another hydrofoil of plan a r e a  A runs fully cavitated a t  U greater  
than Uc. The- total lift they experience i s  then, respectively, 
Now a n  appropriate bas is  for  comparison would be that the cavitating 
and noncavitating hydrofoils both exer t  the same lift, so a s  to support an 
equal load. When Lo = L1, we then have 
It also follows f rom this result  that the ratio of the drag in these two 
cases  i s  
which is also the ra t io  of energy required to travel  the same distance 
for these two different operations, that is 
The  r a t io  of the power r e q u i r e d  to main ta in  these opera t ions  is then 
Moreove r ,  the quantity uO/ul can  be e x p r e s s e d  in  t e r m s  of the "cavi- 
tation number" a s  follows: 
s o  that 
H e r e  cr i s  the cavitation number  f o r  the cavitating flow w?liIe a i s  
0 
m e r e l y  the cor responding  value of cr for  the actually noncavitating flow. 
In g e n e r a l  the c r i t i c a l  speed  Uc co r re sponds  to a cavitation number  
about unity. In o r d e r  to a s s u r e  the noncavitating operat ion,  cr i n  
0 
gene ra l  should be g r e a t e r  than 1. 5. F o r  s implici ty  we sha l l  approximate  
the quant i t ies  i n  the above equat ions by using the two-dimensional values 
of CL and  CD of the f la t  plate. The  impor tan t  f ea tu re s  of the r e su l t  so 
obtained should r e m a i n  even when o the r  effects  such  as the influence of 
f r e e  su r f ace  and  finite span,  e t c .  , a r e  considered.  In two-dimensional 
problems,  the avai lable  da t a  on  CL a n d  CD enable u s  to compare  
( U ~ U ~ ) ,  (DO/Dl) and  (P /pl) for  different  r f s .  One example  wil l  be 
0 
worked out  h e r e  by a s s u m i n g  that both the cavitating and  noncavitating 
plate a r e  held a t  a = 6'. T h i s  r e s t r i c t i on  i s  imposed he re  rnzre ly  f o r  
convenience and i s  r e a l l y  not n e c e s s a r y .  It would be equally adequate  to 
compare  these two hydrofoils when they a r e  held a t  unequal values of a. 
Now with some  interpolat ion in  F i g .  3, i t  is indicated that the plate wil l  be 
fully cavi tated for  u = 0.5.  In o r d e r  to br ing  the compar ison  on a m o r e  
r ea l i s t i c  bas i s ,  a n  e s t ima ted  wave d r a g  a n d  skin f r ic t ion  d r a g  wil l  be 
added to the cavity d rag .  It  i s  then reasonable  to a s s u m e  the following 
value 
C = 0 . 0 2 ,  
Do C ~ l  = O . O 1  + C (30) 
where  C i s  the d r a g  coefficient resu l t ing  solely f r o m  the cavi ty flow. 
DC 
By using the value of C and CD given in F igs .  3 and 5, Eqs .  ( 2 6 )  - 
L1 C (29) a r e  then plotted against  a in Fig .  19 for  two values of , namely 
a = 2 and a = 4 which correspond approximately to Uo = 0.707 Uc 
0 0 
and 0.5 Uc. 
F r o m  this f igure i t  becomes c l e a r  that under the present  compari-  
son bas is  cavitating operation i s  of advantage for  cr -= 0. 19 when 
cr = 4 and for  r r  0.07 when ro = 2, because a t  r = 4, E ~ / E ~  i s  0 0 
l e s s  than u l / ~ o  for  o r  0. 19. In o ther  words,  when the cavitating 
hydrofoil t ravels  with U1 five t imes  a s  fas t  a s  the noncavitating one, 
the total energy requi red  i s  l e s s  than five t imes the energy spent in  
noncavitating operation. The resul t  a lso  indicates that the smal l e r  the 
value of cr, the m o r e  advantage there i s  for  cavitating operation. 
However, higher powered engines a r e  required for  motions a t  sma l l e r  
values of IT, a s  can be seen f r o m  Fig .  19. 
Thus  i t  is up to the designer to decide whether the cruising speed 
should be in the noncavitating o r  cavitating regime.  If the noncavitating 
operation i s  chosen, then some attention should be given to designing a 
hydrofoil of such geometr ic  shape that i t  gives the highest possible c r i t i -  
c a l  velocity U and a n  a lmost  constant p r e s s u r e  distribution on the 
C 
suction side of the hydrofoil?6 On the other  hand, i f  cavitating hydro- 
foi ls  a r e  to be used, then i t  may  be m o r e  economical to operate a t  
higher speeds. 
It is a l so  worthwhile to consider the economic problem f rom 
another viewpoint. While i t  i s  a s tandard aeronautical  pract ice in 
comparing a i r fo i l s  to use the lift-drag ra t io  a s  a m e a s u r e  of the r e l a -  
tive m e r i t s  of different profiles,  i t  i s  na tura l  to apply the same c r i t e r ion  
in the hydrofoil problem. If cavitation i s  not a problem this i s  a legiti- 
ma te  approach,  but i f  cavitation m u s t  be considered then it  i s  m o r e  
reasonable to compare  lift-drag ra t ios  a t  the same cavitation number.  
F r o m  this point of view the "bestf t  hydrofoil profile would be that 
which has the highest l i f t -drag ra t io  a t  a given cavitation number. 
VIII. SUMMARY AND CONCLUDING REMARKS 
The sal ient  points of the previous discussions can be summarized 
a s  follows: 
1. The use of hydrofoils with la rge  camber  to inc rease  the lift coeffi- 
cient is m o r e  effective in cavitating operation than in fully wetted con- 
ditions, especially fo r  s m a l l  angles of attack. The inc rease  in CD due 
to a n  increment in camber  i s  r a the r  insignificant relat ive to the gain in 
CL' 
2. When the cavitation number cr alone i s  varied,  both C and CD L 
increase  with increasing cr. Their  r a t e s  of increase  a r e  much m o r e  
marked when the angle of at tack a i s  small .  With the f r ee  s t r e a m  
velocity U assigned,  u can be made l a rge r  by submerging the hydro- 
foil  a t  g rea te r  depths. 
3 .  The lift coefficient of fully cavitating hydrofoils i s  r a the r  insensi-  
tive to variat ions of angle of at tack when compared with fully wetted 
hydrofoils. F o r  a hydrofoil cavitating a t  a given value of cr, i t  i s  ad-  
visable to keep a slightly g rea te r  than i t s  c r i t ica l  value a so  that 
C 
there i s  little danger of large fluctuations in the lift caused by fluctua- 
tions of approaching flow direction. 
4. When a hydrofoil is operated a t  a speed very close to the cr i t ica l  
cavitating value, the fluctuation of lift and drag due to smal l  variations of 
the relat ive velocity could be of harmful  magnitude. Therefore ,  this 
range of operation should be avoided o r  be passed through a s  rapidly a s  
possible. 
5. If the design i s  a imed a t  noncavitating operation, the emphasis  i s  
then to design a hydrofoil which would give the highest possible cr i t ica l  
cavitating speed. If the cavitating hydrofoil i s  to be used, then advantage 
may  a s  well be taken of operation a t  higher speeds. 
6 .  The motion of a cavitating hydrofoil a t  shallow submergence i s  
much smoother than that of a noncavitating hydrofoil because the loss  of 
lift when a cavitating hydrofoil becomes a planing surface i s  much smal le r  
than that of a noncavi ta ting hydrofoil. 

The in te res t  in the hydrofoil boat for prac t ica l  applications in  
naval a rchi tec ture  is pr imar i ly  due to i t s  capabilities for low drag  a t  
comparatively high speed. But a t  high speeds  the hydrofoil sys tem is 
inherently susceptible to cavitation. Thus  far engineering experience 
with cavitation phenomena has been concerned mainly with the c a s e s  
where the presence of cavitation leads to very  undesirable effects,  such 
a s  loss  of efficiency and mechanical  damage. F o r  this r eason  there has 
been a natural  tendency to r ega rd  cavitation a s  a deleterious feature 
which should be avoided a t  a l l  costs .  So f a r  a s  high-speed hydrofoils 
a r e  concerned, however, the preceding discussion indicates that in 
some c a s e s  cavitation might be a n  alterriative which i s  by no means  
without advantages. 
On the other  side of the ledger, i t  should be noted that the cavity- 
running design has a much smal le r  backlog of experience on which the 
designer may  rely.  Thus,  the fully wetted foil can be t rea ted  in  the f i r s t  
approximation by standard a i r fo i l  methods,  and the vas t  s tore  of exper i -  
ments  on a i r fo i l s  can be used to predict  hydrofoil behavior with proper 
considerations of the effect of f r ee  surface  and finite span. It must  be 
r emembered ,  however, that the requi rement  of avoiding cavitation a t  
higher speeds presents  a very  difficult design condition, one which avail- 
able a i r fo i l  design data do not adequately solve. Hence there i s  no justi- 
fication for  assuming that the design problem fo r  a high-speed boat can 
be solved by a s traightforward application of existing data. Rather ,  
both the cavitating and noncavitating designs real ly need m o r e  data than 
a r e  now available for  their proper execution. I t  is hoped therefore 
that the present  r epor t  will be of a s s i s t ance  in  outlining some of the 
important  problems fo r  fur ther  work. 
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Annex L i b r a r y  (Code P 5507) 3 
14 Chief,  Bureau  of Ships,  Dept. of the Navy, Washington 25, 
D. C,  Attn: Techn ica l  L i b r a r y  (Code 312) f o r  addi t ional  
dis t r ibut ion to: 10 
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15 Mr.  R, H. Kent, Bal l is t ic  R e s e a r c h  Labora to r i e s ,  Dept. 
of the Army,  Aberdeen  Proving  Ground, Maryland 1 
16 Di rec to r  of Resea rch ,  National Advisory Commit tee  for  
Aeronautics ,  1512 H St ree t ,  N. W., Washington 25, D. G .  1 
17 Direc tor ,  Langley Aeronautical  Lab. ,  National Advisory 
Committee for  Aeronautics ,  Langle y F ie ld ,  Virginia  1 
18 Commander ,  Naval Ordnance T e s t  Station, Inyokern, 
China Lake,  Calif., Attn: L i b r a r y  (Code 5507) 1 
19 Dr. M. S. M. Davidson, Exper imenta l  Towing Tank, 
Stevens Institute of Technology, Hoboken, N. J. JL 
20 Dr.  J.H. McMillen, National Science Foundation, 
1520 W Street ,  N. W., Washington 25, D. C. 1 
21 Dr.  A. Mi l le r ,  Bureau  of Ordnance ( code  Re3d) Navy Dept. 
Washington 25, D. C. 1 
22 Dr.  H. Rouse, Iowa Institute of Hydraul ic  Resea rch ,  
State  Universi ty of Iowa, Iowa City, Iowa 1- 
23 Dr.  R. G. Folsom,  Di rec to r ,  Engineering R e s e a r c h  
Institute,  Universi ty of Michigan, E a s t  Engineering Bldg. 
Ann Arbor ,  Michigan 1 
24 Dr .  V.L. S t r ee t e r ,  Engineering Dept. ,  Universi ty of 
Michigan, Ann Arbor ,  Michigan 1 
25 Dr .  G .  F. Wislicenus, Pennsylvania State University,  
Ordnance R e s e a r c h  Labora tory ,  Universi ty P a r k ,  Pa. 1 
26 Dr. A. T.  Ippen, Dept. of Civil  and  Sani ta ry  Engineering, 
Massachuse t t s  Institute of Technology, Cambridge  39, Mass .  1 
27 Dr. L.G. Straub,  St. Anthony Falls Hydraul ic  Labora tory ,  
Universi ty of Minnesota,  Minneapolis 14, Minn. 1 
28 Prof.  K. E. Schoenherr ,  University of Notre Dame,  
College of Engineering, No t r e  Dame, Indiana 1 
29 Di rec to r ,  Ordnance R e s e a r c h  Labora tory ,  Pennsylvania 
State  University,  Universi ty P a r k ,  Pa. 1 
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30 Society of Naval Archi tec ts  and  Mar ine  Engineers  
74 Tr in i ty  Place,  New York 6, N. Y. 
31 Prof .  J.K. Vennard, Stanford University, Dept. of 
Civi l  Engineering, Stanford, California 1 
32 Prof .  J. L. Hooper, Worces te r  Polytechnic Institute, 
Alden Hydraulic Labora tory ,  Worces te r  6, Mass.  1 
33 Prof.  J. M. Robertson,  Dept. of Theore t ica l  and  Applied 
Mechanics,  University of Illinois, Urbana, Ill. 1 
34 Dr .  A. B. Kinzel, Pres ident ,  Union Carbide and  Carbon 
Resea rch  Lab.,  Inc., 30 E. 42nd St., New York, N. Y. 1 
35 Goodyear A i rc ra f t  Corp., Akron 15, Ohio, Attn: 
Securi ty  Officer 1 
Prof.  H.R. Henry, Hydraul ics  Labora tory ,  Michigan 
State College, E a s t  Lansing, Michigan 
Br i t i sh  Joint  Se rv i ces  Mission,  Navy Staff: Via Chief, 
Bureau  of Ordnance, Navy Dept., Washington 25, D. C. 
Attn: Code AD8 
Commander ,  Submarine Development Group TWO, 
Box 70, U.S. Naval Submarine Base ,  New London, Conn. 
Commanding Officer and Direc tor ,  U. S. Navy Engineering 
Exper iment  Station, Annapolis, Maryland 
L i b r a r y  of Congress ,  Washington 25, D. C., Attn: 
ASTLA 
Dr. P. R. Garabedian, Stanford University,  
Applied Mathematics  and  Sta t i s t ics  Laboratory,  Stanford, 
California 
A r m e d  Se rv ices  Technical  Information Agency, 
Kno tt Building, Dayton, Ohio 
Mr .  J. G. Baker ,  Baker  Manufacturing Company, 
Evansville,  Wisconsin 
44 M r .  T.M. Buerman,  G i b b s a n d C o x ,  Inc., 2 1 W e s t S t . ,  
New York 6, New York  1 
45  Dynamic Developments,  Inc. , St. Mark ' s  Lane, Islip,  
Long Island, New York, Attn: Mr .  W. P. Car l ,  Jr. 1 
46 Hydrodynamics R e s e a r c h  Labora tory ,  Consolidated- 
Vultee A i rc ra f t  Corporat ion,  San Diego 12, California 1 
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47 Mr.  R .  K. Johnston, Miami  Shipbuilding Corporation, 
615 S. W, Second Avenue, Miami 36, F lor ida  1 
48 Mr.  J. D. P i e r  son, The Glenn L.  Mar t in  Company, 
Bal t imore  3, Maryland 1 
49 M r .  W.R. Ryan, Edo Corporation, College Point  56, 
Long Island, New York 1 
50 Dr.  Rober t  C. Seamans,  Radio Corporat ion of Amer ica ,  
Waltham, Massachuset t s  1 
5 P Dr.  A. G. Strandhagen, Department of Engineering 
Mechanics, Universi ty of Notre Dame, Notre Dame, Ind. 1 
52 Dr. H. W. E. L e r b s ,  Hamburgische Schiffbau-Versuchsanstalt 
Hamburg 33, Bramfe lde r s t r a s se  164 1 
53 Commander,  Air  Re s e a r c h  and Development Command, 
P. 0. Box 1395, Bal t imore ,  Maryland. Attn: RDTDED 1 
